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This paper introduces a systematic methodology to detect structural collapses by using the singular value decomposition of the strain response envelope.
The singular value decomposition technique is a mathematical tool that enables us to investigate the strain response envelope in a quantitative way. Stress
probe tests with various stress paths were conducted to obtain the stress–strain responses of structured and de-structured clay samples. For the structured
clays, we used natural block samples obtained from an area near Chicago, IL. Reconstituted samples were used for the de-structured clays. The strain
response envelope was constructed at a given stress input, and its evolution with increasing stress input was investigated by the singular value
decomposition technique. The quantitative information, such as the translation, rotation, and expansion, elucidated the evolution of the strain response
envelope. Based on this investigation, it was found that the structure plays a signiﬁcant role in the stiffness degradation characteristics. The variation in the
angles of the line connecting the origin and the center of the strain response envelope, α1, resulted mainly from the continuous generation of plastic ﬂow as
opposed to a speciﬁc structural collapse event during stress probing. However, the rotation angle of the major axis of the strain response envelope, α2,
successfully detected abrupt structural collapses in the structured clays.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The structure of clay has been studied to investigate how the
particular characteristics of natural clays differ from those of
reconstituted clays, whose mechanical behaviors establish the
critical-state soil mechanics (Roscoe and Burland, 1968; Roscoe
et al., 1963). Mitchell (1976) by deﬁning the structure of clays to
be a combination of the fabric (arrangement of particles) and inter-
particle bonding, although the engineering effects of the fabric and10.1016/j.sandf.2015.09.003
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der responsibility of The Japanese Geotechnical Society.the bonding are difﬁcult to separate. As mentioned by Leroueil and
Vaughan (1990), it should be emphasized that the effects of the
structure in soil mechanics are not individual phenomena found in
different natural clays, but can be included among the general
concepts of soil mechanics.
Experimental data has shown that compressed natural clays
exhibit two different states (Burland, 1990). One is the intact state,
as it occurs in natural deposits with a sedimentation structure, and
the other is the de-structured or intrinsic state, referring to the
breakdown of the original clay structure when it is submitted to
volumetric or shear deformation. These two different states are
presented as two distinctive curves in the void ratio-logarithmic
vertical effective stress plot, as shown in Fig. 1. Leroueil and
Vaughan (1990) showed that structured clay causes an increase inElsevier B.V. All rights reserved.
Fig. 1. Normal consolidation of clay soil and the effects of secondary compression and structure on the void ratio (redrawn from Leroueil and Vaughan (1990)).
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from the volume changes caused by secondary compression. As
shown in Fig. 1, secondary compression produces not only an
increase in pre-consolidation pressure, but also a homologous
increase in the yield surface. The structure also produces an
increase in the yield curve, although not necessarily in a homo-
logous manner.
Numerous studies have been conducted on constitutive models
used to describe the engineering effects of structures. Liu and
Carter (1999) suggested a hyperbolic relationship between the void
ratio, related to the structure, and the current mean effective stress,
in order to describe the structural effects on the compression curve
based on the results of 27 compression tests on 20 different soils.
Based on their research, Liu and Carter (2002) proposed a new
constitutive model called the Structured Cam Clay (SCC) model.
This model uses the same framework as the Modiﬁed Cam Clay
(MCC) model, but incorporates new parameters to describe the
structural effects on the stress–strain responses. Later, based on the
SCC model, many models that are able to account for the various
types of structured clays were developed. These include the SCC
model for cemented clays (Horpibulsuk et al., 2010), the modiﬁed
SCC (MSCC) model for de-structured, naturally structured, and
artiﬁcially structured clays (Suebsuk et al., 2010), and the MSCC
bounding surface model (MSCC-B) for overconsolidated clays
(Suebsuk et al., 2011). Baudet and Stallebrass (2004) suggested a
constitutive model for describing the structured clay response using
the relationship between the sensitivity and plastic strain, as
proposed by Cotecchia and Chandler (1997). In essence, this is a
modiﬁed three-surface kinematic hardening (3-SKH) model that
accounts for the clay structure; this model is referred to as the
sensitivity 3-SKH (S3-SKH) model. It is notable that Baudet and
Stallebrass (2004) assumed that the fabric is a stable element
structure that does not degrade with strain; they used this
assumption in their constitutive law. Kavvadas and Amorosi
(2000) developed a model for structured soils (MSS), which
describes the engineering effects of structural development and
degradation. They employed the bond strength envelope associated
with the onset of de-structuring and distinguished the onset of
plastic yielding. In Kavvadas and Amorosi’s research, it is notable
that the MSS model can consider the evolution of stress- and bond-induced anisotropy. Later, Belokas and Kavvadas (2010) improved
the MSS model by rotating the bounding and yield surfaces.
Nakano et al. (2005) proposed a super/subloading yield surface
(SYS) cam-clay model to describe the complicated mechanical
behavior in naturally deposited clays, such as the structure,
overconsolidation, anisotropy and their evolution laws. Kimoto
and Oka (2005) introduced a model to describe the instability both
around the failure state and away from the failure line based on the
hypothesis that the soil instability is connected to structural
degradation. The reviewed literatures share the fact that most use
a few compression paths (i.e., 1-D anisotropic compression,
isotropic compression, drained or undrained compression shear)
to analyze the engineering effects of the clay structure. However,
changes in the clay structure presumably depend on the various
stress paths.
In this study, we attempted to provide a methodology to detect
structural collapses by using the singular value decomposition of
the compliance response envelope. The singular value decomposi-
tion (SVD) technique was introduced in an attempt to study the
nonlinear responses of soil deformation by Jung and Cho (2010).
The SVD can be utilized to decompose the compliance matrix for
the strain response envelope, enabling us to investigate the strain
response envelope in a quantitative way. Instead of using simple
compression loading paths, consolidation to in situ stress and stress
probe tests in radial directions were conducted on structured and
de-structured clay samples to obtain the stress–strain responses. For
the structured clay samples, we used natural block samples
obtained from an area near Chicago, IL. Reconstituted samples
were used for the de-structured clay samples. An ellipse represent-
ing the strain response at a given stress input was analyzed by the
SVD technique to elucidate the translation, rotation, and expansion
of the SRE.
2. Strain response envelopes of nonlinear deformation in
structured clay
The deformational characteristics of soils can be mathema-
tically described by investigating a series of strain response
envelopes; this concept was originally proposed by Gudehus
(Gudehus, 1979, 2011; Gudehus and Masin, 2009; Masin
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technique for the singular value decomposition of the com-
pliance matrix obtained from strain response envelopes.
Under triaxial conditions, a linear stress–strain relationship
can be written as
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where p is the mean normal stress, q is the triaxial shear stress,
pε is the volumetric strain, and qε is the triaxial shear strain. In
Eq. (1), Δ denotes ﬁnite increments in stress and strain from
the initial values. C[ ] is the compliance matrix relating the
increments in stress to the increments in strain. The strain
response envelope (SRE) is deﬁned as the image of the strain
response, which reﬂects an input stress circle in the Δp:Δq
space under the map, as deﬁned by the constitutive relation-
ship. For an input stress circle, Δp and Δq must be a
combination of values that satisﬁes the following:
p q R 22 2 2(Δ ) + (Δ ) = ( ) ( )σΔ
where R σΔ is the radius of the input stress circle in the
Δp:Δq stress space. Fig. 2(a) illustrates the input stress probe
with a radius, R σΔ , in the Δp:Δq space; its corresponding strain
response envelopes are shown in (b). For an isotropic linear
elastic material, the constitutive law yields an elliptical shapeFig. 2. Input stress circle and output strain response envelopes: (a) stress input, (b) s
envelopes for anisotropic elastic materials (redrawn from Jung and Cho (2010)).for the strain response envelope, as shown in Fig. 2(b). For an
anisotropic elastic material, however, increasing the anisotropy
of the degree of stiffness rotates the elliptical SRE in the
pεΔ : qεΔ space, as shown in Fig. 2(c). The compliance matrix
of the strain response is given as
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where Cij is the component of the compliance matrix. Combining
Eqs. (1)–(3) gives
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where α σΔ is the angle of inclination of the line passing a given
stress point from the origin in Fig. 2(a). According to Jung and
Cho (2010), the compliance matrix, C[ ], can be factorized via
the singular value decomposition as
C U Q 5TΛ[ ] = [ ][ ][ ] ( )
where U[ ] and Q[ ] are two orthogonal matrices. The polar
decomposition of C[ ] yields
C U Q Q Q R C 6T T sΛ[ ] = ([ ][ ] )([ ][ ][ ] ) = [ ][ ] ( )train response envelopes for an isotropic elastic material, and (c) strain response
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symmetric compliance matrix. The matrix R[ ] essentially
rotates the SRE. The principal direction of the rotated SRE
is indicated by an angle,
p
α εΔ , as shown in Fig. 2(c). When the
anisotropy of the degree of stiffness for the cross-anisotropic
elastic material, n, increases, the angle of
p
α εΔ increases with a
counterclockwise rotation of the SRE in the pεΔ : qεΔ space.
The overall size or magnitude of the compliance matrix can
be calculated by the spectral norm of C[ ]. The spectral norm
can be found by
C
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where maxλ is the maximum eigenvalue of matrix C CT[ ] [ ].
Conceptually, the overall system stiffness, K‖ ‖, is the inverse
of the overall compliance such that K C1/‖ ‖ = ‖ ‖.
Unlike the SRE of an elastic material, when a soil generates
a plastic strain, the shape of the strain response envelope does
not become polar symmetric. Fig. 3(a) and (b) illustrates input
stress circles and their corresponding strain response envel-
opes, respectively, for an elastic–plastic soil material. If there
was a stress path direction along which the plastic strain
became dominant, the plastic strain could extend the SRE, as
illustrated in Fig. 3(b). This extended SRE would no longer be
polar symmetric, but would approximate a translated,
expanded, and rotated ellipse.
The translation, expansion, and rotation of the SRE can be
elaborated within the theoretical framework of the plasticity.
The classical additive decomposition of strain gives
8ij ij
e
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where ijε is the total strain, ijeε is the elastic strain, and ijpε is the
plastic strain. Plastic strain increment d ij
pε occurs only when
the current stress point lies on the yield surface. Fig. 4(a) illustrates
a stress point on a yield surface and an input stress circle built
by subsequent stress probing paths with various directions. In
Fig. 4(b), there is a rotated, polar symmetrical, and elliptical SRE
with the elastic strain of a cross-anisotropic elastic soil. The soil
deforms with plastic strain only when the stress condition satisﬁesFig. 3. Strain response envelope for an elastic–plastic soil mthe loading condition given by (Yu, 2006)
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where f is the yield function of the current stress and the
internal variables, and df is the total derivative of f .
Consequently, at a stress point on the yield surface in Fig. 4
(a), the subsequent stress paths directing outward from the
yield surface or the loading paths can satisfy Eq. (9) and
produce the plastic strain, thereby extending the SRE in the
corresponding loading directions. Fig. 4(b) illustrates an
extension of the SRE toward the ﬁrst quadrant in the
pεΔ : qεΔ space, which is caused by the plastic strain generated
along the loading paths. Meanwhile, the other stress paths for
either unloading or neutral loading conditions, with f 0= and
df 0≤ , produced only elastic strain. These differences in
strain, due to the elastic–plastic behavior of soils, resulted in
the rotated and teardrop-shaped SRE seen in Fig. 4(b).
An extended SRE of the elastic–plastic soil can be mathe-
matically interpreted via the decomposition of the compliance
matrix. To properly capture an off-centered and extended SRE,
it is necessary to expand Eq. (1) with an additional term as
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where p q
T0 0 0ε εε{Δ } = {Δ Δ } is the vector of the center shift
of the SRE. The components in C[ ] and 0ε{Δ } can be
determined by the ﬁtting procedure using a given set of stress
and strain data. The ﬁtted SRE becomes a translated and
rotated SRE, as shown in Fig. 4(c). The overall stiffness, K|| ||,
for the SRE of an elastic–plastic material should account for
the stiffness degradation caused by the yielding of plastic
strain, as follows:
RK C1/ / 110ε‖ ‖ = (‖Δ ‖ + ‖ ‖) ( )σΔ
where 0ε‖Δ ‖ is the magnitude of the vector of the center shift.
Fig. 5(a) illustrates a subsequent increase in the input circle
of the stress probing. The stress along the loading pathsaterial: (a) stress input and (b) strain response envelopes.
Fig. 4. Strain response envelopes for the stress input on the yield surface: (a) stress input, (b) experimental strain response envelope, and (c) ﬁtted strain response
envelope.
T. Kim, Y.-H. Jung / Soils and Foundations 55 (2015) 963–973 967subsequently expanded or translated the previous yield surface
and produced additional plastic strain. Meanwhile, the stress
along the unloading and neutral loading paths produced only
elastic strain, providing a minor expansion of the subsequent
SRE. Therefore, the subsequent SRE expanded, but not polar-
symmetrically. This was caused by the different magnitudes of
strain between loading and the other paths, as illustrated in
Fig. 5(b). As a result, its mathematical ﬁt elucidated the
sequential translation, rotation, and expansion of the SRE, as
shown in Fig. 5(c).
The trace of the center shift in the ﬁtted SRE is closely
related to the plastic strain. When a stress path approaches the
failure line in the stress space, for example, the corresponding
plastic strain increases more dramatically compared to that for
other stress paths. This extends the SRE in the corresponding
direction in the pεΔ : qεΔ space. Accordingly, the extension of
the SRE, caused by the increase in plastic strain, pushes the
center farther away and enlarges the ﬁtted SRE. Therefore, the
length between the center of the ﬁtted SRE and the origin of
the pεΔ : qεΔ space, 0ε‖Δ ‖, can be an effective parameter for
measuring the overall magnitude of the plastic strain and the
overall stiffness degradation, as reﬂected in Eq. (11).
The rotation of the ﬁtted SRE can be described by two
angles: 1α , which is the angle of the line connecting the origin
and the center of the ellipse in the pεΔ : qεΔ space, and 2α ,
which is the angle between the major axis of the ellipse and the
horizontal line passing through the center of the ellipse, asshown in Fig. 6. It should be noted that 0ε{Δ } is closely related
to the plastic strain; therefore, 1α , which is essentially identical
to the angular value of /q p
0 0ε εΔ Δ , can be used as an indicator of
the ratio between plastic shear and volumetric strain
( /q
p
p
pε εΔ Δ ). For this reason, one can expect that when a stress
path approaches the failure line, the value of 1α will increase
because q
pεΔ is likely to increase faster than ppεΔ at stress near
the failure condition.
Angle 2α is an effective parameter for describing the
transition from elastic behavior to plastic behavior in soil. At
very small strain levels, the plastic strain can be negligible so
that 0ε{Δ } in Eq. (10) can be ignored. In this case, 2α is
essentially identical to
p
α εΔ , as shown in Fig. 2(c), and can be
used to measure the degree of elastic stiffness anisotropy (Jung
and Cho, 2010). As the input stress increases, the ratio between
plastic shear and volumetric strain ( /q
p
p
pε εΔ Δ ) can increase,
which rotates the SRE nearer to the shear strain axis and
increases the value of 2α , as illustrated in Fig. 4(b). Therefore,
the initial value of 2α is determined by the elastic behavior, but
as the stress approaches the failure condition, it is determined
by the plastic properties of the soil.
3. Experimental programs
Six high quality block samples of soft Chicago glacial clays
were obtained during excavation for the Robert H. Lurie
Center (Lurie) in Chicago and the Ford Motor Company
Fig. 5. Strain response envelopes for subsequent stress input on the yield surface: (a) stress input, (b) experimental strain response envelope, and (c) ﬁtted strain
response envelope.
Fig. 6. Angles of 1α and 2α in the translated SRE: (a) 1α and (b) 2α .
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block samples were hand trimmed with great care and stored in
a cool room kept at 4 1C so as not to disturb the samples. The
Ford block (FB) samples and the Lurie block (LB) samples
are regarded as undisturbed samples where the clay structures
have been preserved. The Ford reconstituted (FR) samples
were created using the slurry consolidation technique
described by Sheeran and Krizek (1971). Since natural
Chicago clay is from freshwater deposited material, de-aired
tap water was used for the slurry. Details of the procedure are
presented by Cho (2007). The index properties and oedometer
test results are summarized in Table 1.The stress probing test was performed using a CKC e/p
cyclic loader, which is an automated feedback-controlled
triaxial testing system (Chan, 1981). As described by
Kim and Finno (2012), one radial and two axial on-specimen
LVDTs and an internal load cell were employed to evaluate the
soil response at small strain levels. The internal instruments
can accurately measure shear strain as low as 0.002%,
volumetric strain as low as 0.004%, and axial stress as low
as 0.3 kPa. After mounting the internal measurement devices
on the hand-trimmed specimens, the triaxial cell was
assembled and the residual effective stress of each specimen
was measured by a pore water pressure measurement technique
Table 1
Summary of index properties and consolidation characteristics.
Tests Ford block (FB) Ford reconstituted
(FR)
Lurie block
(LB)
Natural water content, % 24.3–25.7 25.7–26.5 27.4–29.9
(24.9, 0.3) (26.2, 0.3) (28.9, 0.9)
Liquid limit, % 29.5–32 37–41 36.1–38.4
(30, 1.1) (39.3, 1.5) (37.5, 0.7)
Plasticity index 14.2–16.4 17–21 18.2–19.4
(15.1, 0.8) (19.2, 1.3) (18.9, 0.5)
Speciﬁc gravity 2.71–2.72 2.71–2.72 2.70–2.73
(2.72, 0.06) (2.72, 0.06) (2.72, 0.01)
Vertical effective stress,
kPa
136 – 134
Max. apparent pre-
consolidation stress, kPa
220–230 210–220 175–190
(230, 5.5) (215, 5) (190, 7.5)
Compression index, Cc 0.19–0.21 0.21–0.22 0.22–0.29
(0.2, 0.01) (0.21, 0.01) (0.26, 0.04)
Recompression index, Cr 0.023–0.030 0.030–0.040 0.034–
0.040
(0.028,0.002) (0.035, 0.004) (0.036,
0.003)
Note: Numbers in parentheses (average value, standard deviation).
Fig. 7. Consolidation path and directional stress probe paths.
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stress to prevent swelling and the possible deterioration of the
sample quality (Cho et al., 2007), with the exception of the
specimens cut from the LB samples. Note that all of the
specimens cut from the LB samples were saturated at 10 kPa.
The tests for the LB samples were conducted before it was
realized that the effective stress at the saturation phase could
considerably affect the sample quality. For this reason, the
specimens from the LB samples are expected to have
experienced slight deterioration of the sample quality during
the saturation phase.
Fig. 7 shows the consolidation and directional stress probe
paths in the p′–q stress space that were applied after saturation.
A total of 10 stress probe directions were chosen to evaluate
the stress–strain response of the samples. The notations used to
describe each stress probe are listed in Table 2.
4. Detecting structural collapse in structured clays
Evidence that the structure of clay affects its deformation
characteristics has been provided by a comparison of the
oedometer testing data on natural and reconstituted clays(Leroueil and Vaughan, 1990). The curves for the natural soil
have higher void ratios than are possible for soils from which
the structure has been removed (Lapierre, 1987; Locat and
Berube, 1987). In Fig. 8, the relationship between the void
ratio and the p′ of the FB, FR, and LB samples are compared
with the intrinsic compression line (ICL) using an expression
suggested by Burland (1990). As shown in Fig. 8, the curves
for the FR sample were plotted very close to the ICL, but the
others were not. On the basis of the criterion suggested by
Burland (1990), it can be inferred that the structures of the FB
and LB samples were well developed, but the structure of the
FR sample was not. These responses can be rationally under-
stood because the FB and LB specimens were cut from hand-
trimmed natural block samples, whereas the FR specimens
were prepared using reconstituted samples. As noted in the
previous section, however, the LB specimens were not
properly saturated for the triaxial tests and were likely to have
been disturbed to a certain degree. Nevertheless, Fig. 8(c) shows
that the LB specimens still have some structure, although it is
unknown exactly how much the structure has been degraded.
When the structure begins to degrade during stress probing,
the structured clay shows a marked response such as a sudden
increase in strain. Accordingly, this should be reﬂected in the
SREs. To clearly observe the behaviors of the SREs, envelopes
were constructed based on the stress probing data for the FB,
FR, and LB samples. The applied input stress probe, R σΔ ,
increased by 1 kPa until a stress path reached failure. Figs. 9–11
show the experimental SREs from the testing data as well as the
ﬁtted SREs with details of their moving centers. Note that the
SREs are only shown for R σΔ ¼1, 5, 10, 15, 20, 25, and 30 kPa to
avoid complications in Figs. 9–11. As shown in the ﬁgures, the
SREs were initially inclined towards the axis of pεΔ , while the
major axis of subsequent SREs rotated signiﬁcantly towards the
axis of qεΔ . However, the signiﬁcant rotation of the SREs for the
FR samples was negligible, as seen in Fig. 10.
As explained previously, the singular value decomposition
of the compliance matrix in Eq. (10) provides us with
descriptive information about the expansion, translation, and
rotation of the ﬁtted SREs. Fig. 12 shows the variations in 1α
and 2α plotted against R σΔ normalized by its maximum, Rmax.
The values of Rmax were 30, 50, and 25 kPa for the FB, FR,
and LB samples, respectively.
As described previously, the movement of the center of the
SRE is mainly related to the development of plastic strain. At
very early stages of the stress probing, only minor plastic strain
can develop such that the variation in 1α , reﬂecting the ratio of
the plastic strain rates ( /q
p
p
pε εΔ Δ ), might not be meaningful.
However, as R σΔ increases and the stress paths subsequently
approach a failure line, plastic strain can dominate the overall
deformation of the clays. From the perspective of kinematic
hardening plasticity (Jung and Cho, 2010; Prager, 1945;
Ziegler, 1950), at large strain, 1α can be a viable indicator of
the major direction of the plastic ﬂow. As shown in Fig. 12(a),
the values of 1α for the FB, FR, and LB samples at failure
(i.e., R Rmax=σΔ ) were not signiﬁcantly different; all were
close to 601. The value of 1α for the FR samples exhibits the
largest variation; it starts at 301, initially decreasing, and then
Table 2
Notation for performed tests with each block sample.
Stress probes Label Ford block (FB) Ford reconstituted (FR) Lurie Block (LB)
Triaxial compression TC TC/RTE, AL/AU, CMS/CMSE,
CQL/CQU, RTC/TE
TC/RTE, CMS/CMSE,
CQL/CQU
TC/RTE, AL/AU,
CMS/CMSE,
CQL/CQU, RTC/TE
Reduced triaxial extension RTE
Anisotropic loading/unloading AL/AU
Constant mean normal stress compression/
extension
CMS/CMSE
Constant shear loading/unloading CQL/CQU
Reduced triaxial compression RTC
Triaxial extension TE
Fig. 8. e-log p curves for the different soil samples: (a) Ford block (FB), (b) Ford reconstituted (FR), and (c) Lurie block (LB).
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in 1α for the FB and LB samples were not much different from
those observed in the FR sample. Unfortunately, 1α did not
provide any distinct changes to denote structural collapse in
the structured clays (i.e., the FB and LB samples).
Unlike the mild variations in 1α , variations in 2α do produce
a noticeable change during stress probing. Fig. 12(b) compares
variations in 2α during stress probing for FB, FR, and LB
samples. As can be seen in the ﬁgure, patterns for the changes
in 2α for the structured clays (i.e., FB and LB samples) are
completely different from those for the reconstituted FR
samples. As shown in Fig. 12(b), the angles of 2α for the
FB and LB samples remain constant until R R/ maxσΔ reaches0.4; thereafter, the angles drastically increase up to approxi-
mately 901, which is greater than the upper limit (651) for
cross-anisotropic elastic soils (Jung and Cho, 2010). As shown
in Fig. 4, it can be understood that the rotation of the ﬁtted
SRE, denoted by 2α , was attributed to both the anisotropic
elastic stiffness and the plastic strain. Conversely, it is difﬁcult
to quantitatively separate these two contributions in 2α .
However, it can be rationally explained that the initially low
values of 2α are likely reﬂect the anisotropic elastic properties
of structured clays and that the subsequent high values of 2α
indicate a signiﬁcant alteration of the clay structure or
structural collapse. Furthermore, the values of 2α that exceeded
the elastic limit implied that the initial structure of the natural
Fig. 9. Strain response envelopes for Ford block sample: (a) testing data and (b) ﬁtted curves.
Fig. 10. Strain response envelopes for Ford reconstituted sample: (a) testing data and (b) ﬁtted curves.
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at a certain stress level. In the FB and LB samples, this stress
was R R/ maxσΔ ¼0.4.
This explanation for the dramatic changes in 2α for the
structured FB and LB samples can also be justiﬁed by
comparing them with the minor changes in 2α for the
reconstituted FR sample in Fig. 12(b). Consequently, angle
2α can be a useful indicator for detecting structural collapse in
structured natural clays.
The idea that 2α can be used to detect structural collapse is
also supported by checking a conventional plot of the stiffness
degradation curve. Fig. 13 shows the degradation curves of the
overall system stiffness, K‖ ‖, normalized by the initial value of
K0‖ ‖. As shown in Fig. 13, the FB sample presents the stiffest
response among the three samples. The degradation character-
istics of the LB sample are similar to those of the FB sample,
but the values of K K/ 0‖ ‖ ‖ ‖ are slightly smaller for the LB
sample compared to the FB sample. The stiffness of the FRsample dramatically degrades from the beginning of the stress
probe. As previously explained, the FB, LB, and FR samples
likely had structures that were mostly intact, slightly degraded,
and negligible, respectively. Subsequently, it can be stated that
the existence of a structure signiﬁcantly inﬂuences the pattern
of stiffness degradation. This is consistent with the previously
reported results published by many other researchers (Locat
and Lefebvre, 1986; Mesri et al., 1975). Although some
noticeable changes in the curves at the characteristic value
of R R/ maxσΔ ¼0.4 can be found for the FB and LB samples,
however, Fig. 13 also shows that the stiffness degradation
curve itself is useful in a limited way for identifying the
condition where the structure in clay begins to collapse.
5. Conclusions
A systematic methodology for detecting the structural
collapse of structured natural clays was proposed in this study.
Fig. 11. Strain response envelopes for Lurie block sample: (a) testing data and (b) ﬁtted curves.
Fig. 12. Variation in two angles of SREs: (a) changes in 1α and (b) changes in 2α . Fig. 13. Degradation curves of the system stiffness in three different samples:
(a) linear–linear scale and (b) semi-logarithmic scale.
T. Kim, Y.-H. Jung / Soils and Foundations 55 (2015) 963–973972Stress probe tests were conducted with various stress paths to
obtain the stress–strain responses of structured and de-struc-
tured clay samples. At a given stress input, a strain response
envelope was constructed and its evolution with increasing
stress input was investigated by the singular value decomposi-
tion technique. This technique enabled us to obtain quantitative
information regarding the translation, rotation, and expansion
of the strain response envelope within the framework of the
elastic–plastic theory. Based on the investigation performed in
this study, the following conclusions can be drawn concerningthe relationship between structural collapses and the behavior
of the strain response envelopes:
1. It was found that structure plays a role in determining
stiffness degradation characteristics. Structured clays exhib-
ited stiffer responses than de-structured clays. The degrada-
tion curves of the system stiffness were informative in a
limited way for identifying the structural collapse.
2. The variation in 1α , the angles of the line connecting the
origin to the center of the ellipse in the pεΔ : qεΔ space,
T. Kim, Y.-H. Jung / Soils and Foundations 55 (2015) 963–973 973resulted mainly from the continuous generation of plastic
ﬂow rather than from a speciﬁc structural collapse event
during stress probing. 1α could not provide any distinct
change denoting a structural collapse in the structured clays.
3. The variation in 2α , the rotation angles of the major axis of
the strain response envelope, successfully detected abrupt
structural collapses in the structured clays.
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